To investigate the mechanism by which the large T antigen (T-Ag) of polyomavirus and simian virus 40 can promote recombination in mammalian cells, we analyzed homologous recombination events occurring between two defective copies of the polyomavirus middle T (pmt) oncogene lying in close proximity on the same chromosome in a rat cell line. Reconstitution of a functional pmt gene by spontaneous recombination occurred at a rate of about 2 x 10-7 per cell generation. Introduction of the polyomavirus large T (plt) oncogene into the cell line by DNA transfection promoted recombination very efficiently, with rates in the range of 10-1 to 10-2 per cell generation. Recombination was independent of any amplification of viral sequences and could even be promoted by the large T-Ag from simian virus 40, which cannot activate polyomavirus DNA replication. To explain the role of large T-Ag, we propose a novel mechanism of nonconservative recombination involving slipped-strand mispairing between the two viral repeats followed by gap repair synthesis.
Intrachromosomal recombination, that is, recombination between sister chromatids or between repeated sequences on a single chromatid, can play an important role in both gene expression and genome evolution in eucaryotes (30, 51) . It is thought to involve both reciprocal and nonreciprocal modes of exchange, although rigorous proof is lacking because of the inability to recover all products of recombination (e.g., see Bollag and Liskay [6] ). Gene conversion, one of the nonreciprocal modes of exchange, could be responsible for maintaining sequence homogeneity in multigene families and for transferring information between related genes, at least when viewed on an evolutionary time scale (3, 18) . It is also the process that operates during B-cell ontogeny to generate diversity within the chicken immunoglobulin light-chain gene (24, 35, 49) . In mammals, recombination in immunoglobulin genes could involve another form of exchange, such as unequal crossing over between sister chromatids (50, 52) .
Despite substantial progress in understanding recombination in bacteria, little is known about the process in eucaryotes, especially about cellular factors that promote highfrequency intrachromosomal recombination. Recent studies on papovavirus DNA replication have suggested that one of the virally encoded proteins, the large T antigen (T-Ag), is associated with a DNA helicase activity and that the protein is responsible for the duplex-unwinding activity that is likely to initiate replication (13, 42) . Large T-Ag is known to promote phenomena such as amplification and excision of integrated viral sequences (7, 9, 27, 31) , but the mechanism leading to homologous recombination is still unclear. According to the "onionskin" model (7) , initiation of replication at a given proviral locus could result in multiple rounds of DNA synthesis so as to form a localized onionskin of amplified sequences. This aberrant, polytenic structure could then represent a favorable substrate for homologous recombination, leading to excision or amplification. Alternatively, large T-Ag could have a recombination-promoting activity per se, independent of replication (8, 10, 12, 19, 33) .
To address this question, we have developed a system to analyze homologous recombination events occurring be-* Corresponding author.
tween two copies of the polyomavirus middle T (pmt) oncogene lying in close proximity on the same chromosome in cultured rat cells. We report here that the polyomavirus large T-Ag can promote recombination between the viral sequences very efficiently when the latter carry a functional origin of viral DNA replication. Furthermore, the simian virus 40 (SV40) large T-Ag, which does not activate replication at the polyomavirus origin, promotes recombination as efficiently as does the polyomavirus large T-Ag. We show that, contrary to the onionskin model, homologous recombination can occur independently of any amplification of the viral insert, and we suggest that the role of large T-Ag is to melt and unwind the DNA at the viral replication origin, so as to create a favorable substrate for homologous recombination.
MATERIALS AND METHODS Plasmids and mutants. pMT97.484 (see Fig. 1 ) encodes two defective copies of the pmt gene. The first copy was obtained by producing a 30-base-pair (bp) deletion between nucleotides (nt) 1366 and 1397 in the middle T-Ag-coding sequence so as to inactivate its transformation properties (2) . The second copy is a PstI-HindIII fragment (nt 484 to 1656) lacking the polyomavirus origin of replication, the promoter, and the sequence coding for the first 104 amino acids of middle T-Ag. Both copies were separated by 3.5 kilobases (kb) of pBR322 DNA (HindIII-PstI fragment, nt 29 to 3608). pneo-LT1 (see Fig. lb ) carries both neo and the plt gene (8) . This plasmid was obtained by inserting the BamHI insert of pPyLT1, the large T plasmid constructed by Zhu et al. (54) , into pSV2neo (41) . pneo-LT97 carries both neo and LT97, a plt mutant gene with a 30-bp deletion (nt 1367 to 1396). This mutant is deficient in the initiation of viral DNA synthesis (2) . pneo-SV2 carries both neo and the SV40 large T gene. The sequences coding for large T-Ag were provided by mutant A2005, which does not produce small T-Ag. Details on this construct have been published previously (1) .
Cells and cultures. All cells were grown at 37°C in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. The pMT97.484 construct was transfected with hygro (CG214 x SVHy; a gift from C. Gdlinas) into monolayers of FR3T3 cells, designated Hyl, Hy2, Hy3, etc., were isolated. All of the cell lines isolated in this manner exhibited a normal phenotype indistinguishable from that of the parental FR3T3 cell line. After multiple passages in the absence of hygromycin, the cells retained resistance to the drug, indicating that the transgene was stably integrated into the cell genome (37) . About half of the cell lines were able to reconstitute a functional pmt gene by homologous recombination following retransfection with plt. The rate of spontaneous transformation was determined by the fluctuation test of Luria and Delbruck (23) . Parallel clonal populations were grown to confluence in either 6-or 15-mm Linbro microplates, i.e., sufficiently small populations so that no transformants would be observed in a significant proportion of cultures. The mutation rate is given by the expression a = (-lnPO ln2)/ (Nf-Nd) per cell generation, where P0 is the probability that no mutation will occur and Nf and Ni are the final and initial numbers of cells, respectively.
To introduce large T into Hy2, we retransfected the cells with plasmids of the pneo series (e.g., pneo-LT1 and pneo-SV2) and carried out neo selection as described previously (8 that only a subfraction of Hy2 cells carry the viral insert in a configuration that allows homologous recombination.
To determine whether the viral insert could recombine spontaneously, we used a procedure based upon the fluctuation test of Luria and Delbruck (23 To determine how T-Ag rearranged the viral insert, we subcloned six different SV40 transfectants after 30 to 35 cell generations and mapped the rearranged inserts in four different subclones from two cell lines as well as in four other cell lines. In the parental cell line, BgIII, a noncutting enzyme, produced a single fragment of 13 kb (Fig. 5A) . After recombination, the fragment was 19 kb. The DNA was further analyzed with different restriction enzymes that cleave once (such as BclI; Fig. 5A ) or several times (such as BamHI and HindIII; Fig. 4C ) within the insert, and the structure depicted in Fig. 4 was obtained for all of the recombinants analyzed. The rearranged insert contained the entire viral sequence present in Hy2 with a duplication of the sequence between the two repeats, resulting in the addition of 5.6 kb of DNA. A striking feature of this structure is that it can be obtained by unequal sister chromatid exchange. However, unequal recombination between chromatids (Fig.  6 ) should yield two different products (panels b and c), each segregating into different daughter cells. In the absence of selection for a particular product, one would expect to find an insert with a deletion for every insert with a duplication. The insert with a duplication was detected in Fig. 4A . However, fragments characteristic of a recombinant with a deletion were never detected in our analyses (see the legend to Fig. 6 for details) . We conclude, therefore, that reconstitution of the pmt gene in the Hy2 cell line did not occur by a simple mechanism such as unequal sister chromatid exchange.
Properties of replication-defective mutants. In view of the role of large T-Ag in viral DNA replication, it was of interest to examine the effect of replication-defective mutants on recombination. To this end, Hy2 cells were transfected with four SV40 mutants that have single-amino-acid substitutions resulting in altered specific DNA binding, ATPase, and/or , were isolated as G418-resistant colonies by transfecting Hy2 with pneo-SV2, a plasmid carrying both neo and the SV40 large T gene (1) . (A) The DNA designated SV5 was extracted from a population of ca. 108 cells, i.e., ca. 27 cell generations after the introduction of large T into Hy2 (cell line SV5). Note the appearance of fragments of 5.6, 5.5, and 2.2 kb which were not detected in Hy2. (B) Analysis by SstI. The 742-bp fragment is barely detectable after 27 cell generations. However, after 62 cell generations, the 742-and 804-bp fragments are present in virtually equal amounts. (C) SV40 transfectants were analyzed after subcloning. Hy2, Structure of the insert in Hy2 before recombination. SV1-SV7-SV3, Structure of the insert after recombination. The duplication comprises a repeat as well as the sequence between the two repeats. In addition to the fragments shown, the locations of various sites, such as PstI, SstI, and AccI, were confirmed on the maps (not shown).
unwinding activities of large T-Ag (25, 26, 43). The properties of the various mutants are listed in Table 2 . Since the mutants were transformation competent, about half of the G418-resistant colonies had a transformed morphology and thus provided a source of Hy2 clones expressing mutant T-Ags. DNA was extracted from a total of 41 such clones grown to 25 to 26 cell generations and was subjected to Southern blot analyses similar to those shown in Fig. 4 . However, none of the mutants was able to promote recombination in the viral insert (Table 2 ). This result indicated that, as with polyomavirus large T-Ag, recombination required an SV40 T-Ag functional in viral DNA replication.
Requirement for a functional origin of replication. To determine whether recombination in the Hy2 insert required the polyomavirus origin of replication, we constructed a plasmid similar to pMT97.484 but with a nonfunctional origin of replication. The replication defect in the construct was introduced by the deletion of 23 bp in the origin core and the addition of an XhoI linker at nt 37 to 60 (4) . Although this mutation inactivated the replication origin, it did not affect expression from the polyomavirus early region. Six independent cell lines carrying one copy or several copies of the construct were established by cotransfection with hygro. However, in no case did retransfection with polyomavirus large T and neo lead to the reconstitution of a functional pmt gene by homologous recombination (data not shown). These results indicate that the large T-Ag can promote recombination between the viral sequences only in the presence of a functional origin of replication.
DISCUSSION
Homologous recombination promoted by large T-Ag. We have devised a system to analyze intrachromosomal recombination between two copies of the pmt oncogene lying in close proximity on the same chromosome in cultured rat cells. The advantage of recombining pmt sequences instead of neo (36, 48) appearance of new restriction fragments in the experiment shown in Fig. 4A is compatible with a recombination rate of 1.5 x 10-2 per cell generation. Considering that the rate of spontaneous recombination in the parental cell line is about 2 x 10', recombination is promoted by large T-Ag by several orders of magnitude. Another study has shown that the transfer of plt into rat fibroblasts induces an increased frequency of homologous recombination events and the appearance of abnormal karyotypes (19) . The same phenomenon has been observed with c-myc and functionally related oncogenes, and it has been suggested that immortalizing oncogenes may contribute to the transforming process by increasing genomic instability (10) .
The effect of SV40 on the polyomavirus insert was unexpected. Although the large T-Ags from both polyomavirus and SV40 recognize and bind to the same DNA sequence motif in vitro (34, 39) , they cannot functionally substitute for one another to promote viral DNA replication (5). It is likely that polyomavirus DNA replication requires species-specific permissive factors such as DNA polymerase a-primase from murine cells or proteins associated with this complex (28, 29) . Interestingly, a recent study has shown that polyomavirus DNA replication in monkey cells is not unconditionally limited. DNAs containing the polyomavirus origin replicate efficiently in monkey cells which constitutively express the SV40 large T-Ag (46).
Our results are in contradiction with several reports claiming that recombination within transfected plasmid DNAs does not depend on T-Ag expression (16) or that neither DNA replication of the recombination substrate nor T-Ag is essential for recombination (44) . The reasons for such discrepancies are not understood at present. They may arise from differences in the cell lines used or in the nature of the experimental designs, such as recombination within transfected plasmids versus homologous sequences stably integrated into the host genome.
The advantage of using a heterologous system is that the SV40 large T-Ag does not amplify the sequences at the polyomavirus origin of replication and the recombination products can be identified easily. All of the SV40 transfectants analyzed exhibited the same recombination product, i.e., a duplication of the repeat as well as the sequence between the two repeats. Such a duplication can be expected from an event of unequal sister chromatid exchange. However, unequal recombination between chromatids should yield two different products, one with a duplication and another with a deletion, each segregating into different daughter cells. Since the product with a deletion was never detected in our analyses, we conclude that recombination did not occur by unequal sister chromatid exchange.
Recombination mechanism. Several studies have reported that intramolecular recombination during transfection in mammalian cells is a nonconservative process. When molecules bearing direct repeats undergo intramolecular interactions intended to yield reciprocal exchange, the process generates only one of the two expected products (11) . Similar conclusions were reached by Lin et al. (21) , who proposed a model by which the removal of unpaired DNA at the junction between the paired and unpaired regions permits a gap repair process to reconstruct an intact gene. Our data are in agreement with such a nonconservative mode of homologous recombination. To account for the observed effect of SV40 large T-Ag on the recombination of the viral insert in Hy2, we propose the model shown in Fig. 7 . How the SV40 protein interacts with the polyomavirus origin of replication is not clear. In vitro studies have shown that SV40 T-Ag binds to multiple discrete regions on the polyomavirus origin (34, 39) . It does not unwind DNA containing the polyomavirus origin as well as it unwinds its own DNA. However, it does exhibit partial specificity for the sequence at the polyomavirus origin (E. Wang and C. Prives, personal communication). Whether the interaction is more specific in vivo remains to be seen. We propose that the function of T-Ag is to destabilize the double-stranded DNA at the viral replication origin so as to create a favorable substrate for recombination. Once the two strands are separated, the repeats are free to pair with each other by slipped-strand mispairing. Such an event would produce two singlestranded loops, each containing one of the repeats as well as the sequences lying between the two repeats. Slipped-strand mispairing has already been invoked as a mechanism that can generate small deletions or duplications in the genome (20) . It can explain the generation of deletions in the lacI gene of Escherichia coli (15) and in the ,B-globin gene (14) . A deletion is produced when the single-stranded loop is recognized by DNA repair enzymes which excise the loop and rejoin the ends of the broken DNA strand. However, breaks occurring on the opposite strands would produce a structure with large gaps corresponding to the single-stranded loops. Filling of the gaps by repair synthesis would generate the structure observed in the cell lines after recombination.
Unequal sister chromatid exchange has been directly documented in yeast (32, 45) and Drosophila species (47) . In mammals, it has been implicated in the evolution of multigene families (3) and in the rearrangement of immunoglobulin genes (51, 52) . However, cells carrying the putative reciprocal products cannot always be isolated (e.g., see Tilley and Birshtein [50] and Wabl et al. [53] ). In one instance, it has been shown that the switch rearrangement in the mouse heavy-chain locus occurs by a mechanism of looping out and deletion, thus excluding the model of unequal sister chromatid exchange (17) . Whether the mechanism proposed here for the large T-Ag applies to other recombinational events in the cellular genome remains to be investigated.
Spontaneous recombination occurs in the Hy2 insert at a rate of about 2 x 10-7 per cell generation. Other investigators have devised similar constructs that recombine at a rate on the order of 10-6 per cell generation (22, 36) . It is unclear why some of these constructs, which include a functional origin of SV40 DNA replication, do not recombine at higher frequencies when they are introduced into COS cells that express the T-Ag and why the type of recombination product described here has never been observed in these cell lines. Experiments are presently under way to determine whether the SV40 origin can substitute for that of polyomavirus in pMT97.484. However, it seems that the structure or configuration of the insert is very critical in determining the mechanism by which homologous sequences will recombine in a given cell line. Since the inception of this work, we have constructed and characterized five different cell lines carrying tandem repeats of polyomavirus DNA. They all recombine under the action of polyomavirus large T-Ag, although not necessarily at the same rate and by the same mechanism. In one of them, the insert sustains deletions either spontaneously or in response to large T-Ag (8). In another line, which differs from Hy2 by the position of the polyomavirus origin with respect to the two repeats, the rearrangements involve both reciprocal (inversion) and nonreciprocal (gene conversion) recombinational events (Bouchard et can undergo a high rate of amplification or excision of the integrated genome, and both phenomena require a functional large T-Ag as well as the presence of homology within integrated sequences such as complete or partial tandem insertions of viral DNA (7, 27) . Several mechanisms leading to excision or amplification have been proposed. Currently, the prevailing model is that proposed by Botchan et al. (7) . Upon initiation of replication at a given proviral locus, multiple rounds of DNA synthesis occur to form a localized onionskin of amplified sequences. This aberrant, polytenic structure could represent a favorable substrate for homologous recombination, leading to excision or amplification. In agreement with these studies, we find that recombination in Hy2 requires a large T-Ag functional in the activation of viral DNA synthesis as well as a functional origin. However, in contrast to the onionskin model, recombination can occur in our cell lines without any detectable amplification of sequences. The relationship between recombination in Hy2 and the replicative function of large T-Ag is of special interest. If the function of T-Ag is simply to melt and unwind the DNA at the replication origin, one would expect replication-deficient mutants with helicase activity (such as C6-2, C8A, and T22) to promote recombination. Our data show that they do not. Large T could also be implicated, by its replicative function, in the repair synthesis leading to the duplication of the viral insert (Fig. 7e) . If repair is achieved through the interaction between T-Ag and polymerase a, it is not clear why the SV40 T-Ag is inactive in extrachromosomal polyomavirus DNA replication and why it fails to amplify the viral insert as does its polyomavirus counterpart. An interesting possibility is that a functional T-Ag is required for the repair of large gaps and that its role is to activate polymerase a or other enzymes involved in repair synthesis.
To the best of our knowledge, this possibility has not yet been investigated.
